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TITLE OF THE INVENTION 
INKJET HEAD AND INKJET RECORDING APPARATUS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is based upon and claims the 
5 benefit of priority from the prior Japanese Patent 

Application No. 2002-320086, filed November 1, 2002, 
the entire contents of which are incorporated herein by 
reference . 

BACKGROUND OF THE INVENTION 

10 1. Field of the Invention 

The present invention relates to an on-demand 
Inkjet head and an Inkjet recording apparatus on which 
the Inkjet head is mounted. 

^2-. ^DesG-rip-t-i-on— o-:Lt-he— Rela-ted— Art 

15 There has been known an on-demand Inkjet head for 

changing a pressure in a pressure generating chamber in 
which ink is charged by applying a voltage to a piezo- 
electric member, and discharging an ink drop from 
an opening of a nozzle communicating to the pressure 

20 generating chamber. However, it has been difficult 

to increase the printing speed while enhancing the 
stability of the ink discharge operation by the Inkjet 
head of this type. Here, the stability of the ink 
discharge operation means a property that a variation 

25 in the speed of an ink drop to be discharged or 

a volume of an ink drop to be discharged is small. 
In order to keep stabilization of the ink 
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discharge operation/ it is required that the variation 
of the meniscus position of the ink in the nozzle is 
reduced and the meniscus position is stabilized in 
the vicinity of the opening of the nozzle when the ink 
5 discharge operation is started. 

On the other hand, a frequency of the ink drop to 
be discharged has only to be increased in order to 
increase the printing speed. In order to increase the 
drive frequency of the ink drop to be discharged, it is 

10 required that the speed at which the meniscus retracted 

by the ink discharge operation is returned to the 
original position, that is a meniscus return speed is 
improved. However, when the meniscus return speed is 

impr.o^ed, the_meni-S-CUS_o_ve.r.sho.o_t.s_f.r_om_the_o.p_ening_o.f 

15 the nozzle due to inertia of an ink flow along with 

the return of the meniscus. Therefore, the meniscus 
position is easily unstable in the vicinity of the 
opening of the nozzle. When the ink discharge 
operation is started in a state where the meniscus 

20 position is unstable, the discharge speed or the 

discharge volume is fluctuated, or the ink not- 
discharged phenomenon occurs in some cases, so that 
the stability of the discharge operation is easily 
lost. In this manner, it has been difficult to achieve 

25 both the stability of the meniscus position and the 

improvement of the meniscus return speed. 

In order to solve such problems, there is 
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disclosed (for example, refer to Jpn. Pat. Appln. KOKAI 
Publication No. 2000-117972) a technique where, 
assuming that a relationship between the properties of 
the ink and the shape of the ink flow passage is 
5 prescribed and the maximum drive frequency is 10 kHz in 

order to realize the target printing speed, both the 
stability of the meniscus position and the improvement 
of the meniscus return speed can be achieved even when 
the environment temperature changes. 

10 However, in the conventional technique disclosed 

in this patent reference, it becomes clear from 
a simulation by the present inventor that, when the 
target maximum drive frequency is made higher than 

10_kH.z.,_o3^ex.s.hojoJ:ing_o_f_the_m.eni.s_cxis_l.ar_g_el_^ 

15 In other words, the present inventor has performed 

the simulation of an operation for discharging one 
ink drop using the following numerical values as. 
characteristic values in the numerical range indicated 
in this conventional technique. 

20 Total inertance mT = 9.8 x lo'^ [kq/m^] 

Total acoustic resistance rT = 6.7 x 10^2 [Ns/m^] 
Surface tension of ink = 30 [mN/m] 
When a variation in the meniscus position after 
the completion of the ink discharge operation is found 

25 by this simulation, a result indicated by a solid line 

P in FIG. 12 is obtained. 

A meniscus volume position v(t) in FIG. 12 is 
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a value where a position of the meniscus is expressed 
by a volume. As shown in FIG. 13A, when the meniscus 
of ink 1 is retracted from an opening 2a of a nozzle 2, 
a volume Vi of air in the opening 2a of the nozzle 2 is 
5 assumed to be a negative value of the meniscus volume 

position. Further, as shown in FIG. 13B, when the 
meniscus of the ink 1 is advanced from the opening 2a 
of the nozzle 2, a volume Vo of the ink which is 
projected from the opening 2a of the nozzle 2 is 
10 assumed to be a positive value of the meniscus volume 

position . 

In FIG. 12, dotted lines SI and 82 indicate an 
allowable range of the meniscus volume position v(t) 

whijch_do_e.s_no±_a.f.fjejc±_the_opjex.atii>.na.l_s±a 

15 the next ink discharge operation is started. In the 

case of the printing condition generally used, when 
the allowable range is ±5% relative to the discharge 
volume, the discharge stability can be obtained. Here, 
the grounds for ±5% is based on a numerical range 

20 where those skilled in the art regard allowable limits 

that image quality is not deteriorated. 

Therefore, as can be seen from FIG. 12, in the 
Inkjet head disclosed in this conventional technique, 
the overshooting of the meniscus after ink is 

25 discharged is large, and a time until the variation in 

the meniscus falls into the prescribed allowable range, 
that is the meniscus return time is long. Thus, it is 
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difficult to improve the drive frequency for 
discharging ink while keeping the stabilization of 
the ink discharge operation. 

In the meantime, there has been conventionally 
5 known a technique for continuously discharging 

a plurality of small ink drops as a technique for 
performing gradation printing (for example, refer to 
Jpn. Pat. Appln. KOKAI Publication No. 2002-19103). 
The present inventor applies this technique to the 
10 Inkjet head of the conventional technique and performs 

a simulation of the discharge operation when seven 
ink drops correspond to the maximum dot diameter 
in gradation printing are continuously discharged to 

fa-nd— a— v-ai:^i-a-1^ion— i-H— the— menisG^^^ 

15 completion of the ink discharge operation. Therefore, 

a result indicated by a double-chain line Q in FIG. 12 
is obtained. 

As shown in FIG. 12, when a plurality of small ink 
drops are continuously discharged, the meniscus return 

20 speed is faster as compared with a case where only one 

ink drop is discharged. Thus, the overshooting of the 
meniscus after ink is discharged is more pronounced 
than that in the case where only one ink drop is 
discharged. Therefore, when a plurality of small ink 

25 drops are continuously discharged to perform gradation 

printing, it is further difficult to reduce the 
meniscus return time. 
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As described above, in the conventional ink jet 
head of this type, is has been difficult to increase 
the printing speed, that is, to discharge ink at a high 
drive frequency, while enhancing the stability of the 
5 ink discharge operation. 

BRIEF SUMMARY OF THE INVENTION 
It is an object of the present invention to 
provide an Inkjet head capable of enhancing the 
stability of an ink discharge operation and discharging 

10 . ink at a high drive frequency, and an Inkjet recording 
apparatus on which the Inkjet head is mounted. 

According to one aspect of the present invention, 
there is provided an Inkjet head comprising: 
a plurarrty of~flow pa'S'sa-ges— each— composed— G-:^a—no.z.z.l-e 

15 to discharge ink and a pressure generating chamber 

communicating to the nozzle; a common ink chamber 
which supplies ink to each of the flow passages; and 
an actuator which expands/contracts a volume of the 
pressure generating chamber, wherein the physical 

20 properties of the ink and the flow passage satisfy a 

relationship of 0.2 < y^/isP- < 1.0 (y = R/2M, © = VK/M , 
where M is inertia of the ink in the flow passage 
when the ink is charged in the flow passage, and R is 
a viscosity resistance of the ink in the flow passage) . 

25 Additional objects and advantages of the invention 

will be set forth in the description which follows, and 
in part will be obvious from the description, or may be 
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learned by practice of the invention* The objects and 
advantages of the invention may be realized and 
obtained by means of the instrumentalities and 
combinations particularly pointed out hereinafter. 
5 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

The accompanying drawings, which are incorporated 
in and constitute a part of the specification, 
illustrate presently preferred embodiments of the 
invention, and together with the general description 
10 given above and the detailed description of the 

preferred embodiments given below, serve to explain the 
principles of the invention. 

FIG. 1 is a longitudinal section view of an Inkjet 

15 invention; 

FIG. 2 is a section view taken along the line I-I 

in FIG. 1; 

FIG. 3 is a detailed view showing a nozzle portion 
in FIG. 1; 

20 FIG. 4 is a block diagram showing an essential 

structure of an Inkjet recording apparatus according to 
the first embodiment; 

FIG. 5 is a waveform diagram showing a drive 
waveform to be applied to the Inkjet head according to 
25 the first embodiment; 

FIGS. 6A to 6D are diagrams showing a relationship 
between a value of y^/(Si^ and a return motion of 
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a meniscus according to the first embodiment; 

FIG. 7 is a diagram showing a relationship between 
an ink viscosity and a value of y^/o^; 

FIG. 8 is a diagram showing a relationship between 
5 a value of y^/<sP- and a return time of a meniscus; 

FIG. 9 is a waveform diagram showing a drive 
waveform to be applied to an Inkjet head according to 
a second embodiment of the present invention; 

FIG. 10 is a longitudinal section view of 
10 an Inkjet head according to a third embodiment of the 

present invention; 

FIG. 11 is a detailed view showing an orifice 
portion in FIG. 10; 

FIG": — l-2~i-s— a— di-agxam— s-howi-ng— a— re-tu-r-n— mot.i.on_o.f 

15 a meniscus in a conventional Inkjet head; and 

FIGS. 13A and 13B are schematic diagrams for 
explaining a meniscus volume position* 

DETAILED DESCRIPTION OF THE INVENTION 
Hereinafter^ embodiments according to the present 
20 invention will be described using the drawings. 

At first, a first embodiment of the invention will be 
described using FIGS. 1 to 6. 

FIG. 1 is a longitudinal section view of an Inkjet 
head 10, and FIG. 2 is a section view taken along 
25 the line I-I in FIG. 1. An actuator 11 composed of 

a piezoelectric member on a substrate (not shown) for 
expanding/contracting a volume of a pressure chamber is 
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fixed on this inkjet head 10. A vibration plate 12 is 
mounted on this actuator 11. A top plate 13 is fixed 
on this vibration plate 12. Further, a nozzle plate 15 
where a plurality of nozzles 14 for discharging ink are 
5 formed is attached on the front ends of the top plate 

13 and the actuator 11. 

FIG. 3 shows details of the nozzle 14. 
As illustrated, the nozzle 14 is formed with an opening 
having a diameter Do and an opening having a diameter 

10 Di (Di > Do) at. the front face side of the nozzle plate 

15 having a plate thickness Ln and at the rear face 
side thereof, respectively, where both the openings are 
formed in a communicating manner. 

Irr~t:h^~"t~o'p~pirat"e~-l-3-;^ — a—p-tu-r-ai-i-t-y— o-f— p-re-s-s-u-re 

15 generating chambers 16 indicated by a length Lc, a 

width Wc, and a height H are formed in correspondence 
to the respective nozzles 14 formed in the nozzle plate 
15. A tip end of each pressure generating chamber 16 
is communicated to a rear end of each corresponding 

20 nozzle 14. Further, a common ink chamber 17 for 

supplying ink to each pressure generating chamber 16 is 
formed in the top plate 13, and a rear end of each 
pressure generating chamber 16 is communicated to the 
common ink chamber 17. An ink replenishment port 18 is 

25 formed in the common ink chamber 17. Ink is supplied 

by ink replenishing means (not shown) through this ink 
replenishment port 18. 
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Electrodes 19a and 19b are provided in the 
actuator 11. The actuator 11 is expanded/contracted 
according to a voltage applied to these electrodes 19a 
and 19b. When the actuator 11 is expanded/contracted, 
5 a volume of the pressure generating chamber 16 is 

expanded/contracted via the vibration plate 12. When 
contraction occurs after the volume of the pressure 
generating chamber 16 is expanded^ a pressure of ink 
charged in the pressure generating chamber 16 is 

10 changed so that an ink drop is discharged from the 

nozzle 14. The nozzle 14 and the pressure generating 
chamber 16 corresponding thereto make a flow passage of 
ink which is supplied from the common ink chamber 17. 

F-lr&~. — ^4— i-s— a— bi-oe-k—d-i-ag-j?am—show-i-ng— an— essential 

15 structure of an Inkjet recording apparatus 20 on which 

the Inkjet head 10 having such a structure is mounted. 
The Inkjet recording apparatus 20 comprises, a printer 
controller 21 for controlling each portion, an image 
memory 22 for storing print data from this printer 

20 controller 21 therein, and a print data transfer 

circuit 23 for reading print data stored in the image 
memory 22 and transferring it to a head drive circuit 
24. The head drive circuit 24 is configured to drive 
the Inkjet head 10 on the basis of the print data 

25 transferred from the print data transfer circuit 23. 

A drive waveform when the head drive circuit 24 drives 
the Inkjet head 10 is controlled by a drive waveform 
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control circuit 26. The drive waveform control circuit 
26 is configured to be controlled by the printer 
controller 21. And conveying a recording medium (not 
shown) is controlled by the printer controller 21. 
5 According to the first embodiment, FIG. 5 shows 

a drive waveform to be applied to the Inkjet head 10. 
This drive waveform is composed of an expansion pulse 
31 for expanding the pressure generating chamber 16 of 
the Inkjet head 10 and a contraction pulse 32 for 

10 contracting the pressure generating chamber 16. When 

these pulses are applied to the electrodes 19a and 19b 
of the Inkjet head 10, an operation for discharging one 
ink drop is performed. 

He-re-.— a— time— di-f-f-e r-enc.e_b etw ee n the center of the 

15 expansion pulse 31 and the center of the contraction 

pulse 32 coincides with a main acoustic resonance cycle 
Tc of the ink. Further, a ratio between a pulse width 
of the expansion pulse 31 and a pulse width of the 
contraction pulse 32 is adjusted such that acoustic 

20 residual vibration is almost cancelled. By doing so, 

a variation in a meniscus position after the ink 
discharge operation is not disturbed due to the 
residual pressure vibration, and the variation in 
the meniscus position is only a relatively low-speed 

25 motion caused by the surface tension of the ink. 

In the Inkjet head 10 mounted on the Inkjet 
recording apparatus having such a structure, a motion 
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of the meniscus after an ink drop is discharged until 
the meniscus is returned will be described below* 

Assuming that a meniscus volume position at a time 
t is v(t), an equation of motion relating to v(t) is 
expressed by the following equation (1) : 

M^ = -Kv(t)-RM1) - ,1, 

dt2 dt 

Here, the meniscus volume position is assumed such 
that, when the meniscus of ink 1 is retracted from an 
opening 2a of a nozzle 2, a volume Vi of the air in the 
opening 2a of the nozzle 2 is a negative value of the 
meniscus volume position, and when the meniscus of the 
ink 1 is advanced from the opening 2a of the nozzle 2, 
15 an ink volume Vo equal to a projecting amount from the 

opening 2a of the nozzle 2 is a positive value of the 
meniscus volume position. 

In the equation (1), M indicates inertia of the 
ink in the flow passage. Assuming that p is a density 
of the ink, Lc is a length of the pressure generating 
chamber 16, Ln is a length of the nozzle 14, and S (x) 
is a section area of the flow passage at a position x, 
a value of M is given by the following equation (2) : 



20 



25 f^"''^" ^ 



(2) 



Six) 

Further, K indicates a return force of the 
meniscus and is defined by the following equation (3) 
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assuming that the meniscus volume position is V and 
a pressure generated on a surface of the meniscus by 
the surface tension of the ink is Ps : 

K = lim — ... 

v->0 V 

Assuming that the surface tension of the ink is a 
and a curvature radius of the meniscus is r, 
the pressure Ps is calculated from the following 
equation (4) : 

2cr 



Ps = 



... (4) 

r 



Assiaming that an outlet port diameter of the 
nozzle is Do, the curvature radius r of the meniscus 



is calculated from the following equation ("5") ^a's^the- 
15 function of the meniscus volume position v: 

- (5) 



1 

r = 



192v 



\\—-\- y= +D0 7t 



\\7r 3/? 



J 



t is expressed by the following equation (6) : 

^ = 7t4Dol2 +46087t2v2Do6 +2654208^4 

20 ••• (6) 

+96(7t2vDo6 + 1 152v3)Vn2Do6 + 576v2 

The return force K of the meniscus can be 
calculated as the following equation (7) from the 
above equations (3) to (6) : 
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Further, R indicates a viscosity resistance of the 
ink in the flow passage. Assuming that a viscosity 
pressure gradient per unit flow amount at the position 
X is r(x), a value of R is given by the following 
equation (8) : 



R = J^^^^" r{x) dx 



(8) 



With respect to the Inkjet head 10, the right 
10 terms of the equation (2) and the equation (8) are 

specifically calculated. At first, the right term of 
the equation (2) is expressed by the following equation 
(9) and the right term of the equation (8) is expressed 

by the following equation (10) in a range where the 

15 position X is 0 to Lc, that is, in the portion of the 

pressure generating chamber 16 of the flow passage: 

|.Lc dx Lc ••• (9) 



f 

Jo S{x) WcH 

rLc . . , \2juLc 



Further, the right term of the equation (2) is 
expressed by the following equation (11) and the right 
25 term of the equation (8) is expressed by the following 

equation (12) in a range where the position x is Lc to 
Lc+Ln, that is, in the portion of the nozzle 14 of the 
flow passage: 
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Jix)' TtDiDo "' ^^^^ 

.Lc^Ln ^ _ 128// (Pi^ +DiDo + Do^)Ln •• (12) 

The ink inertia M in the equation (2) is expressed 
by the following equation (13) and the ink viscosity 
resistance R in the equation (8) is expressed by the 
following equation (14) from the above equations (9), 
10 (10) , (11) , and (12) : 
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M = p 

R = ju 



^ Lc 4Ln ^ 
kWcH ttDiDo 



{\2Lc_ 128(z>/' + DiDo + Do^Yn \ 
\WcH^ 37t{DiDof J 



(13) 
(14) 



A coefficient to is de riTTed~a's~the— f o-liow-i-Hg- 



equation (15) and a coefficient y is defined as the 
following equation (16) on the basis of the ink inertia 
M, the return .force K of the meniscus, and the. ink 
20 viscosity resistance R defined in the above manner: 



0) = J— - (15) 

R 

y = ••• (16) 



Thus, the above equation (1) which is the equation 
of motion of the meniscus can be expressed by the 
following equation (17) : 

dt^ ^ dt 
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A solution of the meniscus volume position v(t) 
in this equation (17) is the following equation (18), 
where A and B are arbitrary constants: 

vit) = Ae'-''^^" + Be'-'-'^'' ^^^^ 

According to this equation (18), since the 
meniscus volume position v(t) obtains a vibration 
solution in the case of y2-,2 < o, it can be seen that 
the meniscus overshoots. 

AS one example of y^-^^^ < 0, when a variation in 
the meniscus position after the completion of the ink 
discharge operation when a simulation of the operation 
for discharging one ink drop is performed is found 
assuming y2/(o2 ^0.1, a result indicated by a solid 
line PI in FIG. 6A is obtained. Further, as another 
example of y2-o2 < 0, when a variation in the meniscus 
position after the completion of the ink discharge 
operation when a similar simulation is performed is 
found assuming y^/^^ =0.5, a result indicated by 
a solid line P2 in FIG. 6B is obtained. Further, 
when a variation in the meniscus position after the 
completion of the ink discharge operation when 
a similar simulation is performed is found assuming 
y2 = co2, that is y2/cd2 = 1.0, a result indicated by 
a solid line P3 in FIG. 6C is obtained. Furthermore, 
as one example of y2-co2 > 0, a variation in the 
meniscus position after the completion of the ink 
discharge operation when a similar simulation is 



- 17 



performed is found assuming y2/o)2 = 2.0, a result 
indicated by a solid line P4 in FIG. 6D is obtained. 

Dotted lines SI and S2 in FIG, 6 indicate an 
allowable range of the variation in the meniscus which 
5 does not affect the operational stability when the ink 

discharge operation is started, and the range is within 
±5% relative to the discharge volume. This is 
because, when the allowable range is within ±5% 
relative to the discharge volume, the discharge 

10 stability can be obtained under the printing conditions 

generally used. 

As shown in FIG. 6D, in the case of y^-co^ > 0, 
that is Y^/co^ > 1, the meniscus volume position v(t) is 
in an~~overdamp-i-ng— s-tra-te7 — and— t^he— re-turn— sp.eed_o f the 

15 meniscus is delayed although the meniscus does not 

overshoot. Further, as shown in FIGS. 6A and 6B, in 
the case of y2-o)2 < o, that is y^/isfi- < 1, the meniscus 
volume position v(t) is in a damping vibration state, 
and the meniscus overshoots although the return speed 

20 of the meniscus is fast. On the contrary, in the case 

of y2 = ©2, that is y2/a)2 = the meniscus volume 
position v(t) is in a critical damping state, and the 
return speed of the meniscus becomes fastest under 
a condition where the meniscus does not overshoot. 

25 Therefore, it can be seen that the return speed of 

the meniscus can be made fastest in a range where the 
overshooting of the meniscus does not occur in the case 



18 - 



of y2 = 0)2 ^ However, actually, as in the case of 
y2/oi)2 = 0.5, when the overshooting is slight, it is 
allowable. A time until the variation in the meniscus 
falls into an allowable value, that is, the return time 
5 of the meniscus, can thus be reduced. 

As shown in a curved line CI in FIG. 7, when the 
return time of the meniscus is examined by changing 
the ink viscosity to change a value of y2/a)2, a value 
indicated by '*0"' in FIG. 8 is taken. It can be seen 
10 from this value that the return time of the meniscus 

is made shortest when y^/isfi- is 0.4 in the first 
embodiment . 

Therefore, according to the first embodiment, in 

Q-inde-i^to— ob-ta-i-n— Y^/a) 2 = 0-.-4-, — the— ph-ysi-caJ— pr-oper-ties— o-f- 

15 the ink and the shape of the flow passage are set to 

configure the Inkjet head 10 such that the ink inertia 
M, the ink viscosity resistance R, and the return force 
K of the meniscus have the following values, 
respectively, thereby reducing the return time of the 
20 meniscus. 

Ink inertia M = 9.82 x 10^ kg/m^ 
Ink viscosity resistance R = 1.90 x lO^^ Ns/m^ 
Return force K of meniscus = 2.30 x 10^^ N/m^ 
As a result, both the stability of the ink 
25 discharge operation and the improvement of the drive 

frequency, that is, the speedup of the printing speed 
can be achieved. 



In other words, according to the present 
invention, the return force K of the meniscus which has 
not conventionally been considered is used as one 
parameter for optimizing the ink inertia M and the ink 
viscosity resistance R so that a relationship between 
the physical properties of the ink and the flow passage 
capable of achieving both the stability of the ink 
discharge operation and the improvement of the drive 
frequency, that is, the speedup of the printing speed 
can be derived by performing the simulation described 
above . 

In addition, as a result of the simulation using 
the numerical values disclosed in the conventional 
techni~qu'e~~de"S'crrbed— aboveT 

Ink inertia M = 9.82 x 10^ kg/m^. 

Ink viscosity resistance R = 6,94 x 10^2 Ns/m^, 

and 

Return force K of meniscus = 2.30 x 10^^ N/m^ 
are obtained. From these values, y^/o^^ 0.05 can be 
obtained. This value corresponds to a case where the 
return time of the meniscus when the ink is discharged 
is y^/cD^ = 0.05 in a series of the first embodiment in 
FIG. 8. 

Therefore, as can be seen from FIG. 8, it is 
apparent that the return time of the meniscus can be 
remarkably reduced in the present invention as compared 
with the conventional technique in the range where 
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72/0)2 is set to be 0.2 to 1.0, thereby improving the 
printing speed while keeping the stability of the ink 
discharge operation. 

Next, a second embodiment according to the 
5 present invention will be described. In this second 

embodiment, the structures of the Inkjet head and the 
Inkjet recording apparatus are identical to those in 
the first embodiment, and the description thereof will 
be omitted by using FIGS. 1 to 4 . 

10 According to the second embodiment, a drive 

waveform to be applied to the Inkjet head 10 by control 
of the drive waveform control circuit 2 6 which is drive 
signal generating means is set as a waveform shown 
in FIG" 9": Thi s wave f ~o"rm~i"s— f airme-d— b y— con-t-tnuou-si-y 

15 linking seven drive waveforms used in the first 

embodiment. In other words, the expansion pulses 31-1 
to 31-7 expand the pressure generating chamber 16, and 
the contraction pulses 32-1 to 32-7 contract the 
pressure generating chamber 16. When this drive 

20 waveform is applied to the electrodes 19a and 19b of 

the Inkjet head 10, seven small ink drops are 
continuously discharged from the nozzle 14 and 
deposited in the same pixel on a recording medium. If 
the number of small ink drops is changed to change the 

25 amount of ink to be deposited in the same pixel on the 

recording medium, gradation printing can be performed. 
Also in this second embodiment, when a simulation 
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similar to that in the first embodiment is performed, 
the ink viscosity is changed as shown in the curved 
line CI in FIG. 7 to change the value of y^/co^, and 
the return time of the meniscus is examined, a value 
5 indicated by a symbol of in FIG. 8 is taken. 

It can be seen from this value that the return time of 
the meniscus is shortest when y^/qZ is 0.5 in the 
second embodiment. 

Therefore, according to the second embodiment, in 

10 order to obtain y^/afi = 0,5, the physical properties of 
the ink and the shape of the flow passage are set to 
configure the Inkjet head 10 such that the ink inertia 
M, the ink viscosity resistance R, and the return force 
K~oT~t~h^~m"e'n"i"sr;u"s~have~t-he— fod-towi-ng— v-a-1-^^ — respeG= 

15 tively, thereby reducing the return time of the 

meniscus and achieving both the stability of the ink 
- discharge operation and the speedup of the printing 
speed. 

Ink inertia M = 9.82 x 10^^ kg/m^ 
20 Ink viscosity resistance R = 2.13 x 10^3 Ns/m^ 

Return force K of meniscus = 2.30 x 10^^ N/m^ 
In this manner, according to the second embodiment 
where a plurality of ink drops are continuously 
discharged from the nozzle 14, the return time of the 
25 meniscus can be reduced as compared with the first 

embodiment where one ink drop is discharged. This is 
due to the fact that, when a plurality of ink drops are 
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continuously discharged, the return speed of the 
meniscus is larger as compared with the case where 
only one ink drop is discharged. In the conventional 
technique, the return speed of the meniscus is so large 
that the overshooting is made larger and the return 
time of the meniscus is longer than that in the case 
where only one ink drop is discharged. But, since the 
overshooting of the meniscus is restricted according 
to the present embodiment, there can be obtained a 
synergistic effect that the return time of the meniscus 
is made shorter than that in the case where only one 
ink drop is discharged. 

As a result of the simulation using the numerical 

-v-a-l-ue-s— d4-s G-l-Q s ed— in— t he—convent i ona 1 t e chn i q ue 

described above, y^/co^ = 0.05 is obtained as described 
in the description of the first embodiment. 

. The return time of the meniscus when a. plurality 
of ink drops are discharged in this Inkjet head 
corresponds to a case where y2/co2 = 0.05 in a series of 
the second embodiment in FIG, 8. 

Therefore, as can be seen from FIG. 8, it is 
apparent that the return time of the meniscus can be 
greatly reduced in the present invention as compared 
with the conventional technique in the range where 
y2/o)2 is set to be 0.2 to 1.0, thereby improving the 
printing speed while keeping the stability of the ink 
discharge operation. 
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Next, a third embodiment according to the present 
invention will be described. 

FIG. 10 is a longitudinal section view of an 
Inkjet head 100 according to the third embodiment/ 
where portions having the same functions as those in 
FIG. 1 are denoted with like numerals. Since the 
section view taken along the line I-I in FIG. 10 of the 
Inkjet head 100 is identical to that of the Inkjet head 
10 according to the first and second embodiments, the 
description thereof will be omitted by using FIG. 2. 

The actuator 11 composed of a piezoelectric member 
on a substrate (not shown) is fixed on this Inkjet head 
100, the vibration plate 12 is mounted on the actuator 

-1-1-7 — and— t-he— top— pl-a-tre— 1-3— i-s— f^rx-ed— on--t^he— v-i-b-r-a-^^ 

plate 12. Further, the nozzle plate 15 where a 
plurality of nozzles 14 for discharging ink are formed 
is attached on the front ends of the top..plate 13 and 
the actuator 11. A plurality of pressure generating 
chambers 16 are formed in the top plate 13 in 
correspondence to the respective nozzles 14 formed in 
the nozzle plate 15, and a tip end of each pressure 
generating chamber 16 is communicated to a rear end of 
each corresponding nozzle 14. 

A side plate 42 is fixed on the rear ends of the 
top plate 13 and the actuator 11 via an orifice plate 
41, An orifice 43 having a small hole at a position 
corresponding to each pressure generating chamber 16 is 



drilled in the orifice plate 41. The details of the 
orifice 43 are shown in FIG. 11. As illustrated, the 
orifice 43 is formed to penetrate from a rear face side 
of the orifice plate having a plate thickness Lm to 
a front face side thereof with a constant diameter Dm. 

The common ink chamber 17 for supplying ink to 
each pressure generating chamber 16 is formed in the 
side plate 42, and a rear end of each pressure 
generating chamber 16 is communicated to the common ink 
chamber 17 via the orifice 43. The ink replenishment 
port 18 is formed in the common ink chamber 17, and ink 
is supplied by the ink replenishing means (not shown) 
through this ink replenishment port 18. Here, the 

oxiflce_43_f.oxms_p.ar±_o.f_the— flow—passage— o-i^t-he^^ 

supplied from the common ink chamber 17 and acts as 
a fluid resistor. 

. . An ess.ential structure of the Inkjet recording, 
apparatus 20 on which the Inkjet head 100 is mounted is 
identical to that in FIG. 4. According to the third 
embodiment, the drive waveform shown in FIG. 9 is 
applied to the Inkjet head 100 and seven small ink 
drops are continuously discharged from the nozzle 14 so 
that the gradation printing is performed similarly to 
the second embodiment. 

In this case, when the ink inertia M and the ink 
viscosity resistance R are calculated, a resistance 
component caused by the orifice 43 is required to be 
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added. In other words, assuming that a length of 
the orifice 43 is Lm, the ink inertia M is given by 
the following equation (19) instead of the above 
equation (2) : 

5 

^Lm+Lc+Ln dx • • • M Q ^ 

Six) 

Further, the ink viscosity resistance R is given 
by the following equation (20) instead of the above 
10 equation (8) : 

The right terms of the equation (19) and the 

-IS equ-a-1^i-en— (-2-0-)— a-re— speGi-fcL-eai-l-^ — 

to the Inkjet head 100. At first, assuming that a hole 
diameter of the orifice 43 is Dm, the right term of the 
equation (19) is expressed by the following equation. 
(21) and the right term of the equation (20) is 
20 expressed by the following equation (22) in the range 

where the position x is 0 to Lm, that is, in the 
portion of the orifice 43 in the flow passage: 

j-Lm cbc _ 4Lm ... ^21) 

J( 
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0 S(x) 71 Dm^ 

Lm 128// Lw (22) 



f r(x)dx = 

Jo n 



Dm'' 

Further, since the right terms of the equation 
(19) and the equation (20) are identical to those in 
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the first embodiment in the range where the position x 
is Lm to Lm+Lc, that is, in the portion of the pressure 
generating chamber 16 in the flow passage, and in the 
range where the position x is Lm+Lc to Lm+Lc+Ln, that 
5 is in the portion of the nozzle 14 in the flow passage, 

the right term of the equation (19) where x is Lm to 
Lm+Lc+Ln is expressed by the above equations (9) and 
(11), and the right term of the equation (20) where x 
is Lm to Lm+Lc+Ln is expressed by the above equations 
10 (10) and (12) , 

The ink inertia M in the equation (19) is 
expressed by the following equation (23) and the ink 
viscosity resistance R in the equation (20) is 



expressed by fh"e~f oirl-owxng— e quati-o n — (-2-4-) — f-rom— the— abo ve- 
15 equations (21), (22), (9), (10), (11), and (12): 

4Lm Lc 4Ln ^ 



20 



"^^TvDm^ WcH TrDiDo) 

128 Lm ^ 12Lc ^ 128(Di2 H-DiDo + Do2)Ln 
7tDm4 WcH3 37r(DiDo)3 



(23) 
(24) 



In addition, the return force K of the meniscus 
can be obtained by the above equation (7) . 

Also in the third embodiment, when a simulation 
similar to that in the first and second embodiments is 
25 performed, the ink viscosity is changed as shown by 

curved line C2 in FIG. 7 to change the value of y2/(o2, 
and the return time of the meniscus is examined, a 
value indicated by a symbol of '^A" in FIG. 8 is taken. 
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It can be seen from this value that the return time of 
the meniscus is shortest when y^/coS ig 0.5 in the third 
embodiment . 

Therefore, according to the third embodiment, in 
5 order to obtain y^/asi^ = 0,5, the physical properties of 

the ink and the shape of the flow passage are set to 
configure the Inkjet head 100 such that the ink inertia 
M, the ink viscosity resistance R, and the return force 
K of the meniscus have the following values, 
10 respectively, thereby further reducing the return time 

of the meniscus and achieving both the stability of the 
ink discharge operation and the speedup of the printing 
speed, 

Inir"ilTerri"a~M-^— I-7I-3— X— 1-0-Q— 

15 Ink viscosity resistance R = 2.28 x 10^^ Ns/m^ 

Return force K of meniscus = 2.30 x 10^^ N/m^ 
In this manner, according to the third embodiment 
where the orifice 43 which acts as the fluid resistor 
is intervened in the passage communicating the common 
20 ink chamber 17 and the pressure generating chamber 16, 

the return time of the meniscus can be reduced as 
compared with the first and second embodiments. 
This is because, even when the ink inertia M is not 
made too large by the action of the orifice 43, the ink 
25 viscosity resistance R can be made larger and the value 

of Y can be relatively easily made larger. Therefore, 
an optimal y2/cd2 ^^n be obtained by low-viscosity ink 
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as compared with the first and second embodiments. 

Generally, when the ink viscosity is large, ink 
mist easily occurs at the time of ink discharge. 
The occurrence of ink mist contaminates the vicinity of 
5 the nozzle 14 or recording medium, which is not 

desirable. Therefore, the fluid resistor is provided 
as in the third embodiment so that the occurrence of 
ink mist can be reduced at the time of printing. 

Although yS/ajZ is selected such that the return 
10 time of the meniscus is made shortest in the above 

first to third embodiments, the ink viscosity changes 
and y2/(o2 varies according to the temperature of 
the air in which the Inkjet head 10, 100 operates. 
Ar ternar i-^y-e-lTr^'exe-may-be-a-ea-s-e-whe^e-Y^-co^for 



15 making the return time of the meniscus shortest cannot 

necessarily be selected, depending on the design of the 
Inkjet head 10, 100. Even in such a case, as shown in 
FIG. 8, the return time of the meniscus can be reduced 
when y2/(o2 is within the range of 0.2 to 1.0, and both 
20 the stability of the ink discharge and the speedup of 

the printing speed can be achieved. 

Further, the ink inertia M and the ink viscosity 
resistance R are calculated using relatively simple 
equations in each embodiment, but the calculation of 
25 these values is difficult in some cases. Even in this 

case, the ink inertia M or the ink viscosity resistance 
R can be obtained by using a commercially available 



numerical fluid analysis program. 

A method for finding the ink inertia M or the ink 
viscosity resistance R using the numerical fluid 
analysis program is disclosed in, for example, A Study 
on the Improvement of the Performance in Ink Jet Head 
(Final Program and Proceedings of IS & T's NIP15: 
International Conference on Digital Printing 
Technologies, 1999) by Sung-Cheon Jung et al . 

Furthermore, the orifice 43 having a small hole as 
the fluid resistor is used in each embodiment, but 
various types, such as meshed ones, porous ones, and 
the like at a position where the ink flows in from the 
common ink chamber 17 to each pressure generating 
chamber— 1-6-ca-n— be— applHL-ed—a-s—t-he—:£l-uid—^ 

Additional advantages and modifications will 
readily occur to those skilled in the art. Therefore, 
the. invention in its broader aspects is„not limited. to 
the specific details and representative embodiments 
shown and described herein. Accordingly, various 
modifications .may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 



